The objective of this study was to extend an ultrasound surface wave elastography (USWE) technique for noninvasive measurement of ocular tissue elastic properties. In particular, we aim to establish the relationship between the wave speed of cornea and the intraocular pressure (IOP). Normal ranges of IOP are between 12 and 22 mmHg. Ex vivo porcine eye balls were used in this research. The porcine eye ball was supported by the gelatin phantom in a testing container. Some water was pour into the container for the ultrasound measurement. A local harmonic vibration was generated on the side of the eye ball. An ultrasound probe was used to measure the wave propagation in the cornea noninvasively. A 25 gauge butterfly needle was inserted into the vitreous humor of the eye ball under the ultrasound imaging guidance. The needle was connected to a syringe. The IOP was obtained by the water height difference between the water level in the syringe and the water level in the testing container. The IOP was adjusted between 5 mmHg and 30 mmHg with a 5 mmHg interval. The wave speed was measured at each IOP for three frequencies of 100, 150 and 200 Hz. Finite element method (FEM) was used to simulate the wave propagation in the corneal according to our experimental setup. A linear viscoelastic FEM model was used to compare the experimental data. Both the experiments and the FEM analyses showed that the wave speed of cornea increased with IOP.
Introduction
Glaucoma is the second leading cause of blindness in the world. In the United States, more than 120,000 patients are blind from glaucoma [1] . The IOP is strongly related with the prevalence and severity of optic nerve axon damage in open angle glaucoma [2] . The normal range of IOP is between 12 and 22 mmHg. Elevation in IOP is associated with increasing prevalence of glaucoma and reduction of IOP is able to slow the disease progression [3] . Currently, reduction of IOP is the only available clinical treatment. However, a significant number of glaucoma patients continue to develop vision loss and blindness despite this treatment [4] . In a study, 738 eyes were categorized into three groups based on IOP determinations over the first three 6-month follow-up visits. It was found that eyes with early average IOP greater than 17.5 mmHg had an estimated worsening during subsequent follow-up that was 1 unit of visual field defect score greater than eyes with average IOP less than 14 mmHg (p = 0.002). Contrariwise, some patients with elevated IOP do not develop glaucoma [5] . These incongruities could arise due to alteration in stiffness of the ocular tissues and their response to elevated IOP. These factors are material determinants of IOP-derived lamina strain which is related to glaucoma occurrence [6] . Elevated IOP induces distention of the sclera and lamina cribrosa and impose direct mechanical strain on the axons of the optic nerve damaging nerve fibers and potentially impairing the nerve's blood supply. Mechanical strain sustained by the optic nerve can also lead to thinning of the lamina cribrosa and increase in the translaminar pressure gradient, potentially impairing retrograde transport of neurotrophic factors from the lateral geniculate nucleus to the retinal ganglion cells [7] . Abnormal biomechanical properties of ocular tissues may also give rise to greater IOP variability, which has been increasingly recognized as another risk factor for glaucoma [8] [9] [10] .
We have developed an ultrasound surface wave elastography (USWE) technique to characterize the biomechanical properties of superficial and deeper tissues, such as skin [11] , lung [12] , and tendon [13] erties of the eye. The purpose of this work is to noninvasively measure the wave speed of cornea in ex vivo porcine eyes and develop the relationship between the wave speed in cornea with IOP in the physiology ranges.
Porcine ocular tissues are commonly used to evaluate the mechanical behavior of various ocular tissues due to its similarities with human ocular tissues [14] . Moreover, with its availability, relevant animal models for systemic study of induced disease states, such as ocular hypertension, can be generated. Published investigations on various ocular tissues include optic nerve head [15, 16] , sclera [17] , and laminar cribrosa [18] .
Numerous elastography techniques have been developed to study soft tissues such as livers, however, only limited applications are published on ocular tissues [19] [20] [21] . The aim of this study was to develop a noninvasive method for measuring the wave speed of cornea for various IOP using porcine eye balls. In USWE, a shaker was used to generate a small, local, short vibration on the surface of the eye, and the wave propagation in the ocular tissues was measured by using ultrasonic imaging and analysis.
In order to manipulate the IOP for ex vivo porcine eye balls, a 25 gauge butterfly needle was inserted into the vitreous humor space close to the cornea of the eye. The needle was connected to a syringe filled with saline. The IOP was obtained by the water column height of the syringe relative to the water level in the testing container. The IOP was changed from 5 mmHg to 30 mmHg with an interval of 5 mmHg. A FEM model was developed to simulate the wave propagation in the cornea according to the experiments and compare with the experimental data.
Materials and methods
Eight porcine eye balls were enucleated about 1 h after death from 35 to 40 kg female pigs that were part of IACUC approved studies. The eyes were immersed in saline solution and then transported to the authors' laboratory for experimental preparation. To support the eye ball for experiment, the eye was supported on some rubber materials and placed in a testing plastic container. A gelatin mixture was prepared from porcine skin gelatin (SIGMA-ALDRICH, Inc). The gelatin mixture was heated to 60°a nd then cooled down to the room temperature. The cooled gelatin mixture was poured into the plastic container to support the eye ball. The gelatin surrounded the eye ball but did not cover the surface of the eye ball completely. The gelatin mixture provided the support for the eye ball for experiment. The gelatin may also absorb some wave energy and reduce the wave reflection from hard boundaries of the testing container. The completed eye and gelatin structure was allowed to set overnight. The eye ball experiments were performed on the following day. In order to change the pressure in the eye ball, a 25 gauge butterfly needle was inserted into the vitreous humor space close to the cornea of the eye under the ultrasound imaging guidance. The needle was connected to a 10 mL syringe filled with water. The syringe was mounted on a retort stand and changed to different heights. The intraocular pressure (IOP) was obtained by the water height difference between the water level in the syringe and the water level in the testing container. Some water was put in the testing container for ultrasound measurement of the eye ball.
Intraocular pressure was maintained at a pressure between 5 and 30 mmHg and changed gradually at an interval of 5 mmHg by raising the syringe (Fig. 1) . At each pressure level (5, 10 15, 20 25 and 30 mmHg), a sinusoidal vibration signal of 0.1 s duration was generated by a function generator (Model 33120A, Agilent, Santa Clara, CA). The vibration signals were used at three frequencies of 100, 150, and 200 Hz. The excitation signal at a frequency was amplified by an audio amplifier (Model D150A, Crown Audio Inc., Elkhart, IN) and then drove an electromagnetic shaker (Model: FG-142, Labworks Inc., Costa Mesa, CA 92,626) mounted on a stand. The shaker applied a 0.1 s harmonic vibration on the surface of the eye ball using an indenter with 3 mm diameter (Fig. 1) . The propagation of the vibration wave in the ocular tissues was measured using an ultrasound probe (Verasonics, Inc, Kirkland, WA) submerged in water and mounted above the cornea on another stand. The ultrasound system was equipped with a linear array transducer (L11-4, Philips Healthcare, Andover, MA) transmitting at 6.4 MHz center frequency. The measurements were repeated three times at each frequency and each pressure level.
The wave motions were measured at eight locations in the cornea for each pressure level and for each frequency. The tissue motion at a location was measured by analyzing the ultrasound tracking beam through that location [22] . The wave speed was analyzed by the change in wave phase with distance. Using the tissue motion at the first location as a reference, the wave speed was measured using the wave phase delay of the remaining locations relative to the first location ( Fig. 2) . At each frequency, the wave speed in the cornea was estimated using a phase gradient method.
where Dr is the distance between 2 detected locations and D/ is the phase change over that distance, f is the excitation frequency in Hz. Three measurements were made at each frequency. It has been shown that on gelatin phantoms the wave speed estimation has a standard error less than 10% based on 7-point regression [23] . Therefore, it is necessary to obtain multiple measurements of D/ and a statistical regression to get accurate estimates of wave speed. Ideally, the phase of the surface wave / at a particular frequency has a linear relationship with the distance. The wave speed was measured over eight locations in the central region of the cornea and analyzed with a linear regression curve obtained using a least-squares fitting technique on multiple D/ measurements,
where D/denotes the linear regression value of multiple D/ measurements, a and b are regression parameters, and the wave speed is calculated as follows,
The quality of the measurement of wave speed was assured by the sum of squares of linear regression residuals (R 2 ) being !0.8 [22] . R 2 is the coefficient of determinant ranging from 0 to 1, a statistical measure of how close the data fit the regression line. In general, the higher the R 2 , the better the model fits the data.
Numerical modeling
A FEM model was conducted as shown in Fig. 3 in ABAQUS (version 6.12-1, 3DS Inc, Waltham, MA). The eye and surrounding gelatin was simulated by a 2D planar model of an infinite elastic medium with the density of 1000 kg m
À3
. Representative geometric model was reconstructed from image analysis of the surface profile at a reference pressure of 0 mmHg: The white-to-white corneal diameter was 13.5 mm [24] . The central cornea thickness was 0.6 mm based on the ultrasound measurements; its radius of curvature was 7.5 mm and eccentricity was 0.5. The sclera radius of curvature was 12.8 mm, the anterior thickness was 0.88 mm, the equatorial thickness was 1.02 mm, and the posterior thickness was 1.45 mm.
The cornea and sclera were divided by a radial line through the center of the sclera ellipse. Vitreous humor fills, composed largely of hyaluronic acid, fill the posterior segment of the eye and were modelled as an acoustic medium. The cornea and sclera were modelled using a nearly incompressible, linear, viscoelastic generalized Maxwell model. The constitutive relationship is defined as follows [25] :
where E equ is the equilibrium modulus, E i is the relaxation modulus of the i-th branch. s i is the time constant of the i-th branch, e is the strain, and _ e is the strain rate. In this study, a two branch model (i.e., m = 2) was adopted [26] . The time constants (s 1 and s 2 ) are denoted as the short term time constant (s s ) and the long time term constant (s l ). The instantaneous (E inst ) is defined as [27] :
The branch relaxation modulus were set to be equal (i.e., E 1 ¼ E 2 ). Thus, the branch relaxation moduli can be found as:
It has been shown that sclera has stiffer response than cornea. So the instantaneous and equilibrium moduli of the sclera were set to be 5 times of those of the cornea [28] [29] [30] . To the best of our knowledge, viscoelastic properties of the porcine cornea and sclera have not been measured. The values of the material parameters of ocular shell and vitreous humor were estimated based on approximation of the model predictions with the results obtained from the infusion experiments in porcine eyes and were summarized in Table 1 [28] .
The model was excited using a line source in the sclera and the displacement was applied in the radial direction. Harmonic excitations were performed at 100, 150, and 200 Hz with a duration of 0.1 s. A uniform pressure was applied on the inner surfaces of the cornea and sclera in the direction normal to the corneal and scleral surfaces at each point. The range of IOP was set between 5 and 30 mmHg at an interval of 5 mmHg. The boundary of gel was attached to an infinite region to minimize the wave reflections.
The mesh of the cornea and sclera, as well as the gel, were constructed using linear quadrilateral elements (type CPS4R) with size 0.25 mm Â 0.25 mm for cornea and 0.5 mm Â 0.5 mm for sclera and gel, enhanced with hourglass control and reduced integration, to minimize shear locking and hourglass effects. The vitreous material was meshed using linear triangular acoustic elements (type AC2D3) with size 0.5 mm Â 0.5 mm The infinite region was cornea gel selected points Fig. 2 . Representative B-mode images of porcine ocular tissue. Eight locations in the cornea were selected to measure the wave speed in cornea by using the ultrasound tracking method. Blue dots indicate the points selected for measurement. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) meshed by infinite elements (type CINPE4) (Fig. 3) . The dynamic responses of the tissue model to the excitations were solved by the ABAQUS explicit dynamic solver with automatic step size control. Mesh convergence tests were performed so that further refining the mesh did not change the solution significantly.
Results
Eight porcine eyes were evaluated in this study. The tissue motion in response to the vibration at different excitation frequencies (100, 150, and 200 Hz) was detected with a high frame rate of 2000 frame/s. The wave speed is shown with 95% confidence interval, mean ± standard error (Fig. 4a-c) . Fig. 7 shows the relationship between wave speed and IOP in a representative experiment. Wave speed in the cornea increased with frequency at each level of IOP, from 0.83 m/s at 100 Hz to 1.96 m/s at 200 Hz (Fig. 7) . At the same frequency, the wave speed increased with IOP, from 0.83 to 1.07 m/ s at 100 Hz, from 0.86 to 1.29 m/s at 150 Hz and from 1.11 to 1.96 m/s at 200 Hz (Fig. 7) .
FEM analysis of gelled porcine eyes submerged in water was used to investigate the effects of IOP on the wave speed in cornea. Harmonic excitation was used to propagate waves in the eye ball. The plane waves were excited by vibrating a segment of elements on the sclera perpendicular to the direction of wave propagation. Vitreous humor behaves as a fluid-like material. Acoustic medium is used to model sound propagation problems in usually a fluid in which stress is purely hydrostatic (no shear stress). In this study, we think it is appropriate to model vitreous humor with acoustic medium. There is no elastic wave propagation in the vitreous humor space as shown in Fig. 5 . As the boundary of the gel was assigned infinite elements, there is no wave reflection in the boundary. The temporal-spatial displacement field of a central segment of cornea was extracted to minimize the influence of boundary effects. It showed that the wave pattern became denser with increasing excitation frequency. 2D-FFT of the displacement versus time data was performed using
where u y ðx; tÞ is the motion of the cornea perpendicular to the excitation as a function of distance from the excitation (x) and time (t). Here, K is the wave number and F is the temporal frequency of the wave. The coordinates of the k-space are the wave number (K) and the frequency (F) [31] . The wave velocity is calculated,
( Fig 6) . From the numerical simulation, it showed that the wave speed in the cornea increased with IOP and excitation frequency as well as fit well with the representative experimental measurements (Fig 7) . Fig. 8 shows the relationship between wave speed and IOP from all experimental measurements. Wave speed in the cornea increased with frequency from 0.73 at 100 Hz to 1.93 m/s at 200 Hz (Fig. 8) . At the same frequency, the wave speed increased with IOP from 0.78 to 1.02 m/s at 100 Hz, from 0.92 to 1.42 m/s at 150 Hz and from 1.17 to 1.93 m/s at 200 Hz (Fig. 8) .
Disuccsion
The aim of this study was to understand the relationship between the wave speed in cornea with the IOP in ex vivo procine eye ball models. The level of IOP was adjusted by lifting the relative height between the eye and the water level in the syringe connected via a needle. At each pressure level, a shaker was used to generate a harmonic mechanical vibration on the surface of the eye ball at three frequencies (100, 150, and 200 Hz). The resulting wave propagation in the corneal was noninvasively measured using an ultrasound technique. In this study, the wave propagation in the cornea was measured at three frequencies of 100 Hz, 150 Hz and 200 Hz. The magnitude of 100 Hz wave motion is stronger than the 150 and 200 Hz wave motion. The wave length is inversely proportional to the wave frequency while attenuation rises with the wave frequency. The frequency ranges chosen in this paper consider the wave motion amplitude, spatial resolution and wave attenuation. The wave speed in the cornea was determined by analyzing ultrasound data directly from the cornea. Therefore, the wave speed measurement is local and independent of the location of excitation. A FEM model was built according to the experiments to simulate the wave propagation in the cornea. We found that the wave speed increased with IOP at three different excitation frequencies both from experiments and FEM simulation.
The results from this study are within the range of published results for other species. The wave speed in the porcine cornea was found to be from 0.72 to 1.93, which is similar to values reported for the rabbit cornea, indicating that the wave velocities were 1.14 ± 0.08 m/s and 1.30 ± 0.10 m/s in young and mature rabbit corneas [32] . Shear wave speed of corneas in central regions on ex vivo porcine model was approximately 2.3 m/s at 10 mmHg of IOP [19] . In their study, they placed it in refrigerator prior to testing which may lead to stiffening of cornea and elevation of the magnitude of corneal shear wave speed. The biomechanical properties of human and porcine corneas were evaluated showing that human and porcine corneas have almost the same biomechanical behavior under short and long-term loading, yet human corneas were stiffer than porcine corneas [33] . This research may be useful for us to analyze the in vivo data of the wave speed of cornea between healthy subjects and glaucoma patients. It is difficult to manipulate the IOP in human subjects.
It has been shown that acoustic properties of material are altered with deformation and pressurization, correspondingly changing the wave propagation speed or reflected wave amplitude in the material [34, 35] . Numerous studies have shown the relationship between the echo intensity and the stress or strain experienced by the isolated soft tissues under static or cyclic loading scenarios [36, 37] . Moreover, local speed of wave propagation is directly linked to local stiffness [38] . Corneal stiffness is a function of intraocular pressure and increases with IOP [39] . In patients with glaucoma, the cornea was in compression state due to the increase of IOP. Our results in this ex vivo porcine eye model showed that the wave speed of cornea increased with the IOP. For the glaucoma diagnosis and management, the fine tuning corneal wave speed measurement could also correlate the applanation tonometry with the IOP. There may be exceptions to this trend due to the numerous disease states. While the present study has emphasized nearphysiological condition, the timescale of these tests was less than 1 h. The interpretation of results from this study to glaucoma is questionable. However, the findings of this study have relevance to refractive surgeries and screening tests. Corneal pathologies such as Keratoconus or corneal ectatic disease may lead to abnormal elastic properties in terms of anterior and posterior corneal stiffening before refractive surgery and alter the dynamic response of cornea exhibited as wave propagation in the cornea in response to elevation in IOP [40] .
In the ex vivo model, we were able to manipulate the IOP and established the relationship between IOP and wave speed of cornea. Finite element modeling predicted the effects of pressurizing the eye to an IOP of 30 mmHg in terms of wave speed propagation in the cornea. The vitreous humor is a clear gel-like substance that occupies the space behind the lens and in front of the retina at the back of the eye. Given its fluid like material property, the vitreous humor was modelled as an acoustic medium so that the shear wave did not propagate through the vitreous material. The infinite elements assigned on the boundary of gel were used to get rid of the wave reflection, and hence, improve wave speed calculation. It showed that the wave speed increased with IOP at different excitation frequencies, which is in good agreement with the obtained representative experimental measurements (correlation coefficient R = 0.98). In this study, the cornea was assumed as a linear, isotropic, homogeneous, and viscoelastic medium. However, it has been shown that the cornea is largely governed by the structure of the stroma which consists primarily of a lamellae of type-I collagen fibrils embedded in a hydrated proteoglacan matrix. Gradual recruitment of the embedded (load bearing) wavy collagen fibrils with increasing IOP give rise to a nonlinear mechanical behavior of the cornea with a stiffening effect at IOP greater than 60 mmHg [30, 41] . Yet, the range of pressure prescribed in this study covers normal range of IOP and it showed that cornea behaved linearly within a range of IOPs between 2 and 4 kPa [42] . Therefore, it is reasonable to model the cornea as linear viscoelastic material in this study. Moreover, within each lamella, the collagen fibers run parallel to each other, but the alignment direction can vary from one lamella to another. Since the collagen fibers are the stiffest component of the cornea's structure, the orientation distribution of these fibrils largely governs the mechanical properties of the cornea and leads them to be anisotropic [43, 44] . Future study will develop a structure-based constitutive model incorporating the orientation distribution of collagen fibers in different lamella in the cornea to characterize its dynamic mechanical response to the changes in IOP.
Conclusion
In this research, the wave propagation in the cornea was noninvasively measured using an ex vivo porcine eye model. FEM was used to simulate the wave propagation in the corneal according to the experiments. Both the experiments and the FEM analyses showed that the wave speed of cornea increased with IOP at different excitation frequencies ranging from 0.72 to 1.93 m/s. This research may be useful for us to analyze the in vivo data of the wave speed of cornea between healthy subjects and glaucoma patients. This noninvasive method may be useful to measure the in vivo elastic properties of ocular tissues for assessing ocular diseases.
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